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Abstract: Rough set optimization method was applied to design the worm gear in valve actuator. The superflu-
ous constraints are reduced based on the methodology of rough set at the model of optimization that was estab-
lished. The importance of each constraint condition and the coordination of the objective function can be got.
Through example it can be seen that the optimal scheme made worm gear accord with the practical situation. So
the volume of valve actuator was reduced and the efficiency was increased. Copyright © 2013 IFSA.
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1. Introduction

The valve is an important part of the pipeline con-
trol system. It is widely used in metallurgical, chemi-
cal, oil and other industries. Valve electric actuator is
the essential implementation components of a valve
centralized control, automatic control and remote
control. A conventional valve electric actuator is con-
stituted by reduction gears, mechanical stroke control
mechanism, torque control mechanism, valve position
indication institutions, valve position signal feedback
mechanism and electrical control part. Because of its
complex structure, low control accuracy, it can not
meet the requirements of automatic control, not to
meet the evolving needs of industrial automation con-
trol and computer intelligent control [2, 14]. Now,
new valve electric actuator has used mechatronics
technology [3]. Its asynchronous motor directly
drives worm drive opening and closing of the valve.
The flexible valve shutdown, accurate positioning is
achieved by its built-in inverter and fuzzy control
system. The mechanical transmission is simplified. In
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this actuator, as an important part of drive and power,
worm drive’s design reasonable or not directly related
to the quality and efficiency. In the previous design,
the uncertainty, vagueness of various factors affecting
the worm drive were not taken into account, such as
the level of manufacturing, material, component de-
sign parameters uncertainties and the importance of
judgment on the fuzziness design. These make ordi-
nary design method is often difficult to conform to
the actual situation [5].

Rough Set optimal design method combines rough
set theory and mechanical design methods, analyzes
engineering uncertainties, and optimizes the process-
ing. Optimization design of worm gear in valve actua-
tor is actually a multi-objective programming prob-
lem. Each condition is different to the binding force
of the each objective function. In this paper, based on
the methodology of rough set, superfluous constraints
are reduced. The importance of each constraint condi-
tion and the coordination of the objective function can
be got. This result provides a more dependable basis
for the optimization design.
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2. Build Mathematical Model to Optimize
Design

2.1. Initial Conditions

We use the data of the literature [2] to the initial
settings. Where, the worm speed n; =1380 r /min, and
the transmission ratio i = 38, the input power
P = 5.5 kW. Valve electric device transmission prin-
ciple is shown in Fig. 1.

2.2. Determine the Design Variables

According to the design requirements of electric
devices, the main parameters of the worm drive are:
total number of worm Z; modulus m; worm diameter
factor g.

The design variables: X =[ x;, x5, x3 |'=[Z m, ¢ 1.

2.3. Establish the Objective Functions

1) Volume objective function.

To meet the requirements, electric device should
be saving material, that is, the volume of the crown to
a minimum, which also allows the smallest of the
electric device. Shown in Fig. 2, the volume is:

Fi(X) = V=n/4{d’, - [d> - 2(1.2m + e)’}B, (1)
where

Moior gear Wormwheel worm

&, is the worm gear tooth crown outside diameter
(mm);

d,=d,t3m=mZ + 3m;

d, is the worm gear pitch diameter (mm) d, = mZ,.

Z, is the worm gear teeth;

e is the tooth crown smallest thickness (mm)
e=2m;

B is the worm wheel width (mm) B = 0.65d,,.

d, is the worm tooth crest circle diameter (mm)

d,=mq+2m;

2) Efficiency objective function.

The transmission efficiency of electric apparatus
is highest if the worm rotation efficiency is highest.
That is, amount of wear and heat are the minimum. It
should enable the tooth surface’s relative sliding ve-
locity minimum. There are:

mn
FZ(X):M q+7’ 2

This is a multi-objective optimization. With
weighted coefficient method, a total objective func-
tions:

F (X)) =0/ (X )+ aFyX), 3)

where ®;, ®, are the weighting factors, and
O;t0, = 1.
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o3
[*3

Hectric

motor Worm gear

large bevel gear

Bevel gear

Sireke control || A Opening direction

Fig. 1. Valve electric device transmission principle.
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Fig. 2. Worm crown.
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3. Determine the Constraint Conditions

The constraints are mainly two aspects: perform-
ance constraints and boundary constraints. There is a
transition process from fully available to completely
unavailable. Constraints and boundary constraints that
affect the performance of the worm drive can be seen
as a subset of the design space. The obtained con-
straint conditions are as follows:

a) Worm gear tooth contact strength constraints

9KT, —
oy=2Z; W;ZS[O‘]H’ 4)
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where o, is the worm gear calculation of contact

stress (N/mm?);
Z, is the material factor;

K is the load factor;
T, is the worm gear suffered torque (N-mm);

[o], is the fuzzy allowable contact strength

(N /mm?)
b) Worm gear bending strength constraints.

1.629KT. —
O-F:WZYFYﬂ <[o]F, (%)
2

where

o, 1s the worm wheel dedendum calculated bend-
ing stress;

HH is the fuzzy allowable bending stress
(N /mm?);

Y. is the worm gear tooth form factor;

Y, is the helix angle factor;

¢) Worm stiffness constraints.
The maximum deflection should not exceed m/50
when the worm work, that is

_&ﬁiﬂipgfj (6)

© 48EJ ’

where
[v]is the worm fuzzy permissible deflection, mm;

Fy;, Fr; are the radial force, the circumferential
force of the worm, respectively, N

L is the worm span (mm);

E is the worm material elastic modulus (N /mm?);

J is the inertia torque of the worm at the danger-
md},
64

d ,, is the worm tooth root circle diameter (mm).

ous section (mm?*), J =

d) Upper and lower constraints of design variables

According to the specifications and experience,
the design variables will be within an approximate
range of values, namely:

7<7<7 (7
m<m<m (8)
4<q9=q ®

From the above analysis, the design variables and
the objective functions are determined; the only con-
straint is vague and uncertain. So, the worm drive
optimization model of electric device is an ordinary
uncertain constraints asymmetric optimization model.

4. Constraints and Application
Based on Attribute Reduction

Rough set theory is a new data analysis theory to
deal with imprecise, uncertain data, proposed by Pol-
ish mathematician Z. Pawlak at 1982 [7].It has been
widely used in the field of artificial intelligence, pat-
tern recognition and intelligent information [9]. It can
effectively analyze and deal with imprecise, inconsis-
tent, incomplete information, and discover hidden
knowledge, revealing potential rules [13]. The rough
set method simulates the human abstract logical
thinking. It is based on indiscernibility and knowl-
edge reduction, and derived logic rules from data as a
knowledge system model. The knowledge space can
be reducted. Inference rules are obtained from the
sample data. Next, we first described the concept of
attribute reduction and core, and then provide the
calculation method of attribute reduction.

4.1. Attribute Reduction and Core

In an information system S=(U,4,V,f), a subset
PcA can determine a binary indiscernibility relation-
ship IND(P): IND(P)={(x,y)e UxU|Vaef(x,a)=fy,a)}.
Obviously, IND(P) is an equivalence relation on the
domain U, and

1) IND(P) =n,.PIND({a});

2) If P,OcA,PcQ,then IND(Q)cIND(P).

Definition 1. Let S=(UA4,V,f) be an information
system. Attribute a is called unnecessary in 4 (redun-
dant) if IND(A4-{a})=IND(A). Otherwise, a is called a
necessary in the A4; If every attribute aeA4 in 4 are
necessary, then 4 is independent, otherwise known as
the 4 dependence.

Definition 2. Let S=(UA4,V,f) be an information
system, PCA. P is a reduct of 4 if P Satisfies:

1) IND(P)=IND(A);

2) P is independent.

Rough approximation is used to deal with impre-
cise and uncertain information. It has a strong ability
of identification data. To this end, we constitute effec-
tive solution set U (finite) of a new model that re-
moves some of the constraints which are not impor-
tant, denoted U={x,, xy,..., X}, called the domain.
Efficient solution classification knowledge in U is
expressed in the form of relational tables. Rows of
relational tables are corresponding to the object (the
effective solution of the simplified model). Columns
are corresponding to the object's properties (including
condition attribute and decision attribute). The infor-
mation of an object is specified by each attribute’s
value of the object to express. Each constraint is seen
as condition attributes, while the effective solution of
the U is or not is the effective solution of the original
problem as a decision attribute. Then, we can get a
decision table. The relationship constituted by condi-
tion attributes and decision attributes is denoted by R.
From the literature [14]: An attribute is corresponding
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to an equivalence relation. Table 1 can be seen as a
family of equivalence relations, namely knowledge
base.

Table 1. Optimal solutions of the objective function
to get rid of the constraints.

Cl Cz ees Cp Fl ees Fl
X1 Vi1 Vi2 Vip ti ty
X2 Vo1 \%%) s Vap t e t21
Xm Vmi Vm2 Vmp tmi tmi

In the previous table, the attribute value v; is 1 if
x; satisfies the constraint condition of the original
problem C;. If it is not the case, v;is 0. Decision at-
tribute value #; is taken as 1 if x; is the optimal solu-
tion of the objective function f;. Otherwise, #; is 0.
This can get a decision information table.

So for V_XcU, define lower approximation and
upper approximations of X are:

RX=U{YOUIR|Y=X},
RX=U{YeU/R|YNX =D} .

So any effective solution set X of simplified
model can be expressed as: (RX,RX). Lower ap-

proximation of X is certainly part of the original prob-
lem solution set; upper approximation of X is the set
of effective solutions that may belong to the original

problem. RX =RX , when removing redundant con-

straints conditions, that is, effective solution of the
simplified model is the original model of effective
solutions.

If "-" indicates unacceptable solution, "0" is the
solution may not be able to accept, “+" is perfectly
acceptable solution, we can describe "against", "neu-
tral" and "fully agreed" attitude of the objective func-
tion to a feasible solution. According to this view,
there is a decision information table of relevant objec-
tive function with feasible solution, as shown
in Table 2.

Table 2. A decision information table of objective function
and feasible solution.

Cand;g;:fi zf.mble O R I N I O
X; + - - -
X 0 + 0
X3 + - - -
X4 0 - - - -
X5 + - + 0 -

There are the following relationships between the
objective functions.
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Suppose that F), Fis objective function. For any
feasible solution x;:

1) Coordination R (F;,F;)=1, if F; and F} holds
the same attitude to x;,

2) Independence Rfi (F,F,)=0, if at least a neu-
tral attitude in F; and F} ,

3) Competition R_'(F;,F,)=~1, If F; and F} have
different attitude to x;.

We know that RAI_I_ (£},F,) is an equivalence rela-

tion for solution x; by [7]. According to Table 2, Ta-
ble 3-6 indicates the relationship between the objec-
tive functions and each candidate solutions, respec-
tively.

Table 3 shows that: the objective function F, F3,
F, for candidate solution x;, x3, x4, is a coordinated
relationship, but they compete with F;, F5. Table 4
shows that: the objective function F,, F;, F's with can-
didate solution x; is a coordination relationship. F;, F
hold neutral stance to candidate solution x,. Similarly,
other cases can be analyzed.

Decision makers can determine a priority of non-
inferior solution based on the satisfaction of the ob-
jective function to the feasible solutions.

x3-<x1|| X5 <X, <X, (10)

In (10), x; is the best non-inferior solutions. It can
be seen by the description: The objective function F,,
F;, F5 show "fully agreed" support x,. F;, F, remain
as neutral. By contrast, x; is the worst non-inferior
solutions. Therefore, taking satisfaction 0.80, we can
get a really efficient solution x;.

Table 3. The objective functions and candidate
solutions x;, x3.

X13 F, F, Fs | Fs
F, 1

F, 1 1

F; -1 1 1

Fy4 -1 1 1 1

F; -1 1 1 1 1

Table 4. The objective functions and candidate solutions x;.

X, F 1 F2 F3 F4 F5
F, 1

F 0 1

F, 0 1 1

F, 0 0 0 1

7, 0 1 1 0 1

Table 5. The objective functions and candidate solutions x;.

X4 F] F2 F3 F4 F5
F Ji 1

7, 0 1

F, 0 1 1

F, 0 1 1 1

F; 0 1 1 1 1
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Table 6. The objective functions and candidate solutions xs.

Xs F, F, F, F, Fs
F, 1

F, -1 1

F; -1 1 1

F, 0 0 0 1

F; -1 1 1 0 1

4.2. Constraints Analysis Based Attribute
Reduction

Suppose that we denote the constraint condition
that we are concerned with the condition attributes as
¢y, Ca..., ¢4. The set of condition attributes is denoted
as C= {c,, ¢s,..., c4}. Its attribute values are numeric
data. The optimal solution of objective function and
removing the constraint condition c¢;, ¢,,..., 4 respec-
tively, can be obtained using Lindo linear program-
ming software. Their related information is shown as
Table 7.

Here, we compare optimal values of F;, F», F3, Fy
under the  conditions  C-{c;},C-{c,},C-{c3},
C-{c,}with the optimal value of the original con-
straints groups (6) at the last line, respectively. It is
not difficult to find: the optimal values in C-{c,} and
C={cy, c3,..., ¢4} are identical. This indicates that the
conditions ¢, is relatively redundant constraints, get-
ting rid of them without changing the original prob-
lem. Thus, the original optimization problem (*) and
removing redundant constraints optimization problem
(**) have the same solution.

Table 7. Optimal solutions of the objective function
to get rid of the constraints.

F, F,
C-{c} 40107.25 0.8244
C-{c2} 30097.11 0.8466
C-{c;) 37886.67 0.8317
C-{cy} 285667.83 0.8696
c 285667.83 0.8696

It is easy to see from Table 7: All objective func-
tions are constrained by constraint ¢; .To give up it
may produce an unfeasible solution contrary to the
original constraints. ¢, ¢; bound F,. c,constrains F.
In summary, the importance of the four necessary
constraint conditions: ¢; is the most important; ¢, c;,
followed; ¢, is unimportant.

According to the above analysis, it is noted that F;
and F), is coordination. It can take F'; weighting coef-
ficient as 0.8, while F, is a weight coefficient of 0.2.
The original problem of conversion:

Max f(x)=0.8 F; +0.2F,

m qu

l 629KT
e ——=YY <[c]F

1Y21+1T21 3
=—L<
7 48EJ ]

We can get a non-inferior solution
X= (3.0612,4.9547,10.0328)". This solution can en-
able the two objective functions F,;, F, to achieve
optimum values. The fuzzy optimization result [2] is
X=[3.0612, 4.9547, 10.032 8] ".

In this case, the number of worm head and the
worm diameter coefficient is an integer, taking Z=3,
¢g=10. Modulus should be taken as the standard value,
and the upper and lower approximation of the
modulus calculated values are 5, 4.5. This takes m=>5,
ie. X = [3,5,10] " .Crown volume: V;=285667. 83
mm’, efficiency 77,= 0.8696.

The results with the rough set method are
X=[3,4,9]1", V;=278966. 23 mm’, 77,= 0.8966.

After the comparison of the two results, we can
see that crown volume is reduced by 2.34 % and its
efficiency is improved by 3.1 %.

5. Conclusions

After instance, analysis and comparison, we ob-
tain the following conclusions :(a) Rough set optimal
design method can not only make the minimum vol-
ume of the crown, and thus make electric devices the
smallest. Also electric device can be the most effi-
cient. Its performance can be improved. (b) This
method for multi-objective programming problem has
a certain practicality. It is more flexible, simple to use
in large-scale multi-stage dynamic programming.
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